Abstract: Haze is a major environmental concern in many cities because it adversely affects people's physiological and psychological well-being. This paper examines the extent of haze in Multiple regression analysis indicates that the number of hours with haze was significantly, positively related to the consumption of gas oil/diesel, fuel oil, and natural gas in Macao and aviation kerosene. Nevertheless, the improvement in Macao could come at a cost to areas in downwind of Zhuhai's coal power stations supplying Macao's electricity energy.
Introduction
The population of the world's cities has been increasing steadily, and so have the numbers of high-rise commercial and residential buildings, shopping malls, buses, coaches, and private vehicles in each of these cities. Since the operations of all buildings and vehicles demand energy, the consumption of primary energy sources such as gasoline, gas oil/diesel, kerosene, fuel oil, liquefied petroleum gas, and natural gas, and secondary energy such as electricity have been increasing rapidly. On the other hand, people in the cities are exposed to and complain about poor visibility and conditions of haze [1] [2] [3] [4] . Farjardo et al. [1] explored young people's opinions on visibility in Beijing. They found that about 95 percent of respondents indicated visibility in Beijing to be important or very important. Mao et al. [2] suggested that haze including its particulate matter can be considered as the main cause of chronic cough in China. Xiao et al. [4] indicated that haze episode in Beijing and most of the eastern region in China in 2013 forced the government to improve energy consumption structure by increasing the proportion of clean energy sources. Thach et al. [5] studied the relationship between poor visibility and public health issues such as mortality in Hong Kong. Mace et al. [6] explored the association between visibility and psychological reactions in US national parks while Othman et al. [7] reported that the occurrence of smoke haze was associated with an increase in inpatient cases by as much as 31 percent in comparison to a normal day in Malaysia. Zhang et al. [3] explored the relationship between haze and daily hospital admissions in Guangzhou using generalized additive model. They reported that haze was associated with cardiovascular illnesses. These researchers showed that poor visibility and
Method

Data Sources
All data of this study were official data obtained from government sources. Specifically, the annual energy consumption data were obtained from the Macao Statistics and Census Service [19, 20] . The Macao Meteorological and Geophysical Bureau performs real-time measurements of air temperature, atmospheric pressure, and rainfall in its meteorological observation station located at the eastern part of the Grand Taipa Hill (i.e., the central location of Macao). Air temperature was recorded using a calibrated liquid-in-glass thermometer, atmospheric pressure was recorded using a calibrated mercury barometer, and rainfall was recorded using a high-precision rain gauge [21] . As mentioned above, the number of haze hours was determined by hourly readings from a forward scatter visibility meter and a relative humidity meter, and was confirmed by professional meteorologists in the Bureau. Daily records of the number of hours with haze, monthly mean atmospheric pressures, monthly mean air temperatures, and monthly total rainfall figures were obtained from the Macao Meteorological and Geophysical Bureau [22] . To explore whether haze is a cross-border environmental issue from the north, annual haze days in Guangzhou were collected from the online network of Guangzhou Meteorological Bureau [23] .
Stationarity of Time-Series
A time-series can be modeled by an autoregressive (AR) model or its derivative such as an autoregressive moving average (ARMA) model when it is a stationary process. It is known that a stationary time series has a constant mean, a constant variance, and the autocovariance function between two points in the series only depending on the time interval. A typical time-series can be expressed as:
where y t is the variable of interest, ρ is a coefficient, ε t is the error, and t is the time index. When ρ = 1, unit root is present and the time-series is not stationary. When |ρ| < 1, the time-series is stationary. The Dickey-Fuller test is a very popular method to determine whether a time-series has a unit root. Sometimes, a time-series can have a trend and it is stationary after removing the trend. Hence, there are three main versions of the Dickey-Fuller test:
i. Test for a unit root:
where ∆ is the delta operator defined by ∆y t = y t − y t−1 and β is (ρ − 1). ii.
Test for a unit root with a drift:
where a 0 is the drift. iii.
Test for a unit root with a drift and a deterministic time trend:
where a 1 is coefficient of the time trend.
Each version of the Dickey-Fuller test has its own critical tau value [24] , which depends on the sample size. In each case, the null hypothesis is that there is a unit root and the time series is not stationary, while the alternative hypothesis is that the time series is stationary. In this paper, only the versions (ii) and (iii) of the Dickey-Fuller test were performed because the test version (ii) covered the test version (i).
Association between Variables
The association between two variables was characterized by Pearson's correlation coefficient. The coefficient, r, was calculated as
where x and y are values of the variables, and n is the size of dataset.
Regression Analysis
Multiple regression analysis was employed to assess the relationships between the independent variables and the dependent variable. The accuracy of the identified model was determined by the coefficient of determination, r 2 . The coefficient provides a measure of how well the collected data are predicted by the model [25] . It was calculated by:
where SSR is the sum of squared regression, SST is the sum of squared total, and SSE is the sum of squared error.
Results and Analysis
Haze and Meteorological Conditions
Visibility is an integrative parameter that refers to the ability to see a distant object [25] . When air pollutants are emitted from anthropogenic sources, haze is formed under a stable atmospheric inversion layer, adversely affecting the visibility over the city. Haze has been a common phenomenon in winter in China's cities [3, 8, 9, 12, 18, 26] . In Macao, haze is defined as the condition under which visibility is equal to, or less than 5 km and relative humidity is less than 80 percent. The condition is recorded by trained meteorologists and confirmed by a forward scatter visibility meter. The Macao Meteorological and Geophysical Bureau keeps daily records of the number of hours with haze. Figure 1a shows the records for the period 1986 to 2016. 
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The association between two variables was characterized by Pearson's correlation coefficient. The coefficient, r, was calculated as where x and y are values of the variables, and n is the size of dataset.
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Results and Analysis
Haze and Meteorological Conditions
Visibility is an integrative parameter that refers to the ability to see a distant object [25] . When air pollutants are emitted from anthropogenic sources, haze is formed under a stable atmospheric inversion layer, adversely affecting the visibility over the city. Haze has been a common phenomenon in winter in China's cities [3, 8, 9, 12, 18, 26] . In Macao, haze is defined as the condition under which visibility is equal to, or less than 5 km and relative humidity is less than 80 percent. The condition is recorded by trained meteorologists and confirmed by a forward scatter visibility meter. The Macao Meteorological and Geophysical Bureau keeps daily records of the number of hours with haze. Figure  1a shows the records for the period 1986 to 2016. Figure 1b shows the monthly numbers of hours with haze. Note that haze has been a common phenomenon in autumns and winters, i.e., between September and March, during the past fourteen years.
Figure 2a-c show monthly mean atmospheric pressure, monthly mean air temperature, and monthly total rainfall figures for the period 1986 to 2016. These figures show that Macao has higher atmospheric pressure, lower air temperature, and lesser rainfall between October and March i.e., in the autumn and winter months. 
Energy Use in Macao
Macao's social and economic development had remained relatively steady before the liberalization of the gaming industry in 2002. Table 1 summarizes the consumption of primary energy sources in 1986, 1991, 1996, 2001, 2006, 2011, and 2016 , respectively. It also shows the consumption of electricity (1 GWh is equivalent to 3.6 × 10 TJ)-a secondary energy in these years. 
Macao's social and economic development had remained relatively steady before the liberalization of the gaming industry in 2002. Table 1 summarizes the consumption of primary energy sources in 1986, 1991, 1996, 2001, 2006, 2011, and 2016 , respectively. It also shows the consumption of electricity (1 GWh is equivalent to 3.6 × 10 TJ)-a secondary energy in these years. Figure 3 shows the primary energy use figures for Macao over the period 1986 to 2016. This figure shows that Macao's total primary energy use had been increasing continuously from 1986 to 2005. The consumption of oil products such as gas oil/diesel and fuel oil has decreased quite significantly since 2005. This was because Macao's power companies had imported more electricity from mainland China, thus burning less fuel oil and gas oil/diesel since 2005. The percentage of imported electricity increased from 15 percent in 2005 to 81 percent in 2016 [20] . 1986  666  4878  5660  533  358  0  0  1991  748  4240  8438  417  561  0  0  1996  1263  3498  10,842  363  952  0  2057  2001  1340  3869  12,509  447  1117  0  3803  2006  1777  6195  12,427  295  1488  0  8769  2011  2659  5787  3864  190  1954  2873  6003  2016  3329  4526  6270  95  2032 More specifically, gasoline is consumed primarily by private vehicles, gas oil/diesel by buses, coaches, trucks, industrial boilers and Macao's power plants, fuel oil by jetfoils and Macao's power plants, kerosene by industrial companies, liquefied petroleum gas by domestic cookers and hot water burners, and aviation kerosene by aircrafts (after the opening of Macao International Airport in 1995). Macao's power company has used natural gas as a fuel since 2008.
Stationarity of the Annual Haze Time-Series Data and the Annaul Energy Consumption Data
The annual haze time-series and the annual total primary energy consumption time-series were examined using the Dickey-Fuller tests based on Equations (3) and (4). Table 2 shows the results of the Dickey-Fuller tests on the null hypothesis that the annual haze time-series and the annual energy consumption time-series had unit roots. As each of the calculated tau values was greater than the More specifically, gasoline is consumed primarily by private vehicles, gas oil/diesel by buses, coaches, trucks, industrial boilers and Macao's power plants, fuel oil by jetfoils and Macao's power plants, kerosene by industrial companies, liquefied petroleum gas by domestic cookers and hot water burners, and aviation kerosene by aircrafts (after the opening of Macao International Airport in 1995). Macao's power company has used natural gas as a fuel since 2008.
The annual haze time-series and the annual total primary energy consumption time-series were examined using the Dickey-Fuller tests based on Equations (3) and (4). Table 2 shows the results of the Dickey-Fuller tests on the null hypothesis that the annual haze time-series and the annual energy consumption time-series had unit roots. As each of the calculated tau values was greater than the critical value in the table of critical values [24] , the null hypothesis was rejected, and two time-series were found to be non-stationary. As the annual haze time-series and the annual total primary energy consumption time-series were found to be non-stationary, AR or ARMA models cannot be reliably used for these non-stationary time series. 
Correlation and Multiple Regression Analysis
Bivariate correlations were performed between the number of hours with haze, the consumption of motor gasoline, gas oil/diesel, fuel oil, kerosene, liquefied petroleum gas, natural gas, and aviation kerosene, and meteorological variables including annual mean atmospheric pressure in hPa, annual mean air temperature in • C, and annual total rainfall in mm using the annual data from 1986 to 2016. The calculated Pearson's correlation coefficients are shown in Table 3 . Although one might expect years with more rainfall days or more total rainfall to be cleaner years due to scavenging effects, the results show that the number of haze hours per year was not significantly correlated with annual total rainfall (r = 0.08, n.s.). It could be explained by the emissions of pollutants that had a much greater significant effect on haze than that of the cleansing mechanism on an annual basis. The correlation values show that there were significant positive relationships between haze and some oil products such as motor gasoline, gas oil/diesel, and liquefied petroleum gas consumed locally, and between haze and aviation kerosene consumption that was partly consumed in Macao during aircrafts' taking off and landing. A multiple regression analysis was then employed to determine the effects of primary energy consumption on the number of hours with haze. All fuel consumptions were first input as the independent variables, while the numbers of hours with haze was selected as the dependent variable. A backward procedure was used in which variables with a p value less than 0.05 were retained. After several iterations, the following multiple regression equation was obtained: 
where Haze is the number of hours with haze, GasOil is the consumption of gas oil/diesel in TJ, FuelOil is the consumption of fuel oil in TJ, NG is the consumption of natural gas in TJ, and Kerosene aviation is the consumption of aviation kerosene in TJ. Figures underneath the coefficients are values for t-statistics and figures in brackets are p-values.
The r 2 -value of Equation (7) was 0.741, i.e., 74.1 percent of the variance in the number of hours with haze could be explained by the consumption of gas oil/diesel, fuel oil, natural gas, as well as aviation kerosene. The relationships between these three variables and haze were significant at p < 0.001. The coefficients indicated the relative influence of the independent variables on dependent variable. In other words, a unit increase in the consumption of gas oil, fuel oil, natural gas, and aviation kerosene in TJ increased the number of hours with haze by 0. Figure 4 compares the numbers of hours with haze using Equation (7) against actual data. It also provides the band of predicted values using the 95 percent confidence intervals of the coefficients. (7) where Haze is the number of hours with haze, GasOil is the consumption of gas oil/diesel in TJ, FuelOil is the consumption of fuel oil in TJ, NG is the consumption of natural gas in TJ, and Keroseneaviation is the consumption of aviation kerosene in TJ. Figures underneath the coefficients are values for tstatistics and figures in brackets are p-values.
The r 2 -value of Equation (7) was 0.741, i.e., 74.1 percent of the variance in the number of hours with haze could be explained by the consumption of gas oil/diesel, fuel oil, natural gas, as well as aviation kerosene. The relationships between these three variables and haze were significant at p < 0.001. The coefficients indicated the relative influence of the independent variables on dependent variable. In other words, a unit increase in the consumption of gas oil, fuel oil, natural gas, and aviation kerosene in TJ increased the number of hours with haze by 0.043, 0.042, 0.076, and 0. Figure 4 compares the numbers of hours with haze using Equation (7) against actual data. It also provides the band of predicted values using the 95 percent confidence intervals of the coefficients. 
Associations between Haze and Meteorological Variables on a Monthly Basis
Figure 2a-c shows monthly mean atmospheric pressure, monthly mean air temperature, and monthly total rainfall figures between 1986 and 2016. Pair-wise correlations were performed between the number of hours with haze and each of the meteorological variables on a monthly basis for each year for the period 1986-2016. Researchers have used pair-wise correlations to identify the relationships between poor visibility and monthly meteorological conditions [25] . Table 4 shows the values of pair-wise correlation between haze and each meteorological variable. It was found that the number of hours with haze was positively, strongly, and significantly associated with monthly mean atmospheric pressure in the past decade while it was negatively and weakly associated with monthly mean air temperature and monthly total rainfall since 1996. It is because the correlation, r-value, must be greater than 0.497 for p < 0.05 for 10 degrees of freedom. In other words, the number of hours with haze might be associated with high levels of mean atmospheric pressure, which often leads to the lower mixed layer height [28] . Researchers [29, 30] have also reported that lower mean air temperature may reduce the ambient ventilation. Hence, haze seems to be more pronounced during the autumn and winter months from September to March in Macao. 
Association between Haze in Macao and Haze Days in Guangzhou
Macao is located on the southwestern side of the Pearl River Delta while Hong Kong is at the southeastern side. Whenever haze is reported, Macao (or Hong Kong) people claim that most of the air pollutants come from the north across the border [31] . Although Guangzhou, Zhongshan, and Zhuhai are located on the north of Macao, only the Meteorological Bureau in Guangzhou has been recording the annual numbers of haze days for more than three decades, while there were no official data on haze days/hours published by the local meteorological stations in Zhongshan and Zhuhai. Figure 5 shows the number of haze days per year in Guangzhou for the period 1986 to 2016. A comparison of the total number of hours with haze in Macao, shown in Figure 1a , and the number of haze days in Guangzhou shown in Figure 5 demonstrates that changes in haze conditions in these two cities are very different. A correlation analysis was performed to test whether the haze condition in Macao was associated with haze condition in Guangzhou. The result showed that there was no significant relationship (r = −0.06, p > 0.05) between haze in Guangzhou and haze in Macao in the long run, implying that haze in Macao is primarily caused by local emissions rather than cross-border air pollution from the north. Besides, haze needs relatively still air-so haze is not likely to be transported from one place to another. 
Discussion
Haze often appears in media headlines. This paper is one of the first publications to employ long-term time series data in investigating the relationship between the number of hours with haze (i.e., the integral form of air pollutants discharged from a wide range of sources), the consumption of fossil fuel energy, and the meteorological variables in Macao on an annual basis. The number of hours with haze increased continuously from 0 to 766 h a year between 1990 and 2007 while the consumption of primary energy (including oil products, natural gas, and aviation kerosene) had increased by 130 percent. Multiple regression analyses have shown that gas oil/diesel, fuel oil, and 
Haze often appears in media headlines. This paper is one of the first publications to employ long-term time series data in investigating the relationship between the number of hours with haze (i.e., the integral form of air pollutants discharged from a wide range of sources), the consumption of fossil fuel energy, and the meteorological variables in Macao on an annual basis. The number of hours with haze increased continuously from 0 to 766 h a year between 1990 and 2007 while the consumption of primary energy (including oil products, natural gas, and aviation kerosene) had increased by 130 percent. Multiple regression analyses have shown that gas oil/diesel, fuel oil, and natural gas consumed locally and the burning of aviation kerosene were significantly associated with the number of hours per year with haze in Macao. A correlation analysis between monthly haze data and monthly records of meteorological variables has indicated that the number of hours with haze was strongly, significantly associated with high atmospheric pressure that leads to the lower mixed layer height in the past decade. The combustion of oil products produces particulate matter, sulfur oxides, nitrogen oxides, and volatile organic compounds including non-methane hydrocarbons. All of these air pollutants are well-known sources of haze. Besides, around 150 commercial aircrafts, which emit a significant amount of particulate matter in low troposphere, take off and land at the Macao International Airport each day [32] . It is possible that there is a significant correlation between the number of humid hours (the hours with a relative humidity between 75 and 80 percent) each year/month and the number of haze hours per year/month. However, the hourly relative humidity data were not available from the Bureau's publications.
Since 2005, Macao's power company has been importing more and more electricity from Zhuhai, and has reduced the burning of fuel oil and gas oil/diesel at its power plants significantly. As a result, the amount of oil products consumed locally decreased continuously from 2005 to 2014. The number of haze hours also changed from 567 to 346 per year during the same period. Macao's power company has announced that it would import more electricity from Zhuhai and reduce the operational capability of its local power plants further, implying the haze condition of Macao will continue to improve over the near future. Nevertheless, the imported electricity from Zhuhai is produced by a coal-fired power plant at Jinwan-located at 50 km southwest of Macao. Since Zhuhai Jinwan Power Plant is on the Chinese mainland where the pollution regulations, compliance, and monitoring are not likely to be as stringent as in Macao, the increases in its power production will emit larger quantities of carbon dioxide, sulfur dioxides, nitrogen oxides, and particulate matter affecting its vicinity. Moreover, the number of aircrafts departing from and arriving at the Macao International Airport will very likely increase, leading to an increase in the consumption of aviation kerosene. As a result, it is very likely that the number of hours with haze will decrease in the short-run due to the continual decrease in the burning of oil products in Macao's power plants. The anticipated future increase in local pollutant emissions and the haze will most likely be due to the Zhuhai Jinwan Power Plant. The implications are twofold. First, the Macao Government, or governments sharing a similar context, should take a proactive approach to consider the impact of energy mix on environmental conditions. Second, the transfer of environmental burdens (e.g., power generation) to neighboring areas needs to be re-examined as an environmental policy because it runs against environmental ethics and does not help in reducing the actual pollution.
Conclusions
Haze is a major concern in many cities. In Macao, the number of hours with haze increased from 0 to 766 hours a year between 1990 and 2007 and decreased quite dramatically to 57 h in 2016. That provided an opportunity to explore what caused the change in hazy weather condition. During the same period of time, Macao's energy mix also changed quite dramatically. Specifically, Macao started importing a significant percentage of electricity from its neighboring city and cut down the burning of fuel oil and gas oil/diesel substantially in its power plant. The results of multiple regression analysis indicated that gas oil/diesel, fuel oil, and natural gas consumed locally and the burning of aviation kerosene were significantly associated with the number of hours per year with haze in Macao.
